Introduction
============

Computed tomography (CT) allows detailed plans of the jaws in all positions of the space; this orientation allows planning the insertion of dental implants with anatomical and prosthetic considerations. [@JR_1] Nowadays, computer-aided design (CAD) and computer-aided manufacturing (CAM) in implantology allows the design of surgical guides to perform virtual planning in the jaws with greater accuracy.

There are two types of surgical guides, static and dynamic. Both use the CT data to plan the positioning of the implants. The static guides do not allow modification of the planning during their use; they are made with three-dimensional (3D) prototyping systems such as stereolithography. Dynamic guides are 3D navigation systems that allow the transfer of virtual planning directly to the jaws through a mechanical system or optical sensors that monitor the position of the surgical instrument in a real-time window. [@JR_2]

Guided surgery enables flapless surgery, which consists of a small incision on the bony crest, without detachment of the total mucoperiosteal flap, enough for the penetration of the drill for the perforation of the alveolar bone. [@JR_3] This approach with limited gum removal can be applied with a circular scalpel at the drill insertion area or directly with the drill, initiating bone drilling. [@JR_4] This technique decreases pain, bone loss, inflammatory process related to mucoperiosteal detachment, and improves postoperative phase and patient comfort. [@JR_5] It avoids suture use, requires shorter surgical time, shorter healing time, enhances recovery, and produces less bleeding, thus facilitating immediate loading. [@JR_6]

Guided surgery can be limited in some cases; patients must have enough bone volume to be candidates for this technique. In cases where bone expansion is needed a sensor can be an auxiliary tool while drilling the bone, preventing fenestration of dental implants. [@JR_7]

Materials and Methods
=====================

Two systems were compared, a stereolithographic surgical guide (NeoDent; Industry and Trade of Dental Materials S.A. SP, Brazil), without the use of stabilizers from the Company kit, and an experimental reflectance sensor.

Ten models of acrylic resin with bone meal, bone and gum tissue simulators, prototypes, [@JR_7] and identical copies of a single model were divided into two groups ( [Fig. 1](#FI00262-1){ref-type="fig"} ).

![Maxillary simulators, prototypes patented by Novellino and Laganá. [@JR_7]](10-1055-s-0040-1705074_00262_01){#FI00262-1}

In Group 1 (G1), two implants were inserted in the anterior area in each model with the *NeoGuide* stereolithographic surgical guide, representing the control group. In Group 2 (G2), two implants were inserted with the assistance of the experimental sensor ( [Fig. 2](#FI00262-2){ref-type="fig"} ). Each group composed of 5 models with a total of 10 implants of 3.5 × 11.5 mm Morse type, 2 in each model in the anterior area. The surgical area was determined by CT design of one of the casts. A single planning was performed for the entire sample ( [Fig. 3](#FI00262-3){ref-type="fig"} ).

![Experimental reflectance approximation sensor.](10-1055-s-0040-1705074_00262_02){#FI00262-2}

![Digital planning by the NeoDent team.](10-1055-s-0040-1705074_00262_03){#FI00262-3}

The accuracy of the implants was tested using CT scans of each of the models after implant placement, superimposed on the initial planning. Deviations at cervical, apical, and angular orientation were evaluated.

Composition of the Bone Material
--------------------------------

The models were composed of self-polymerized, chemically activated acrylic resin (Jet-Acrylic autopolymerizing) and bone meal (powdered fertilizer). The mixing ratio of the two materials was one part of acrylic resin (25 g of polymer) to three parts of bone meal (75 g). [@JR_7]

The model was obtained from a total edentulous manikin that was worn out on the entire surface of the alveolar ridge and palate, which leaves the space for the layer of artificial gingiva, made by means of several perforations in the model of gypsum, with spherical drill, 2 mm in diameter. With a round cutter of tungsten carbide, several points were united in such a way that, in the end, the whole model had a wear of 2 mm, area related to the gingival mucosa.

To simulate the mucosa on the models, they received a layer of soft comfort resin pressed inside a muffle, thus obtaining the experimental model ( [Fig. 1](#FI00262-1){ref-type="fig"} ).

Tomography of the Experimental Model
------------------------------------

A randomized model was tomographed following the protocol of tomographic acquisition with Cone Bean Carestream CS9300, conducted at the Foundation of the Faculty of Dentistry of the University of São Paulo (FUNDECTO), with a field of view (FOV) of 5 × 5, 75 Kv, 4.0 mA in 20 seconds and a voxel of 90 µm. These data were sent to the NeoDent Company for the preparation of *NeoGuide* , with the planning defined for placement of two implants in the canine regions (13 and 23; [Fig. 3](#FI00262-3){ref-type="fig"} ).

Experimental Sensor by Digital Reflectance
------------------------------------------

The Pololu QTR-8A \[ <http://www.pololu.com/product/960> \] and QTR-8RC \[ <http://www.pololu.com/product/961> \] reflectance sensor sets, proximity reflection of general use, were tested. Each module is a convenient support for eight pairs of infrared (IR) emitters and phototransistors uniformly spaced apart at intervals. The outputs are independent, but the light-emitting diodes (LEDs) are arranged in pairs to reduce power consumption by half. LEDs are controlled by a metal-oxide-semiconductor-field-effect transistor (MOSFET; TECMOS) with a normally pulled high gate, allowing the LEDs to be turned off by configuring the MOSFET gate for low voltage.

LED current limiting resistors for 5 V operation are arranged in two stages. This allows a simple one-stage bypass to enable 3.3 V operation. The LED's current is approximately 20 to 25 mA, making the total board consumption a little below 100 Ma. A switch to turn off and on the sensors A and B was added to a clamping clamp ( [Fig. 2](#FI00262-2){ref-type="fig"} ).

Insertion of Implants
---------------------

In Group 1, according to the protocol, two fixation pins were used to keep the surgical guide in place. Subsequently, the 2.0 and 3.5 sleeves of the *NeoGuide* kit for the drilling bits were inserted into the guide ( [Figs. 4](#FI00262-4){ref-type="fig"} [5](#FI00262-5){ref-type="fig"} ).

![Fixing pins positioned on the buccal wall and guide to the drill 2.0 *NeoGuide* .](10-1055-s-0040-1705074_00262_04){#FI00262-4}

![Insertion of implant 3.5 mm diameter × 11.5 mm long drive cone Morse with 50 N with the guide *NeoGuide* (G1).](10-1055-s-0040-1705074_00262_05){#FI00262-5}

In Group 2, a circular incision was made at the cervical level with assistance of *NeoGuide* ( [Fig. 6](#FI00262-6){ref-type="fig"} ). The drill sequence was the same as in G1, but with drill bits from the surgical kit and the sensor instead of the stereolithographic guide ( [Fig. 2](#FI00262-2){ref-type="fig"} ). The implants were inserted by free hand without the guide or sensor.

![Circular incision at cervical level, marking the beginning of G2 perforation.](10-1055-s-0040-1705074_00262_06){#FI00262-6}

The accuracy of the implants was tested by tomography of each model after implants' placement, superimposing the initial virtual planning. Deviations at the cervical, apical, and angular levels were evaluated by co-diagnostic X software.

Results
=======

The evaluations of tomographic images on the software are shown in [Table 1](#TB_1){ref-type="table"} .

###### Angular and linear deviations obtained by the overlapping of the tomographic images of the installed implants in relation to the virtual planning

  Sagittal plane                                                                         Coronal plane                                                       
  -------------------- ------------------------------ ---------------- ----------------- ------------------- ------------------------------ ---------------- -----------------
  1                    6.6                            --1.13           0.2               1                   6.6                            --1.2            --1.2
  2                    1.2                            1.1              0.87              2                   1.2                            --0.8            --0.88
  3                    2.8                            --0.77           --0.3             3                   2.8                            --0.27           0.02
  4                    2.5                            --2.27           --1.76            4                   2.5                            0.36             0.3
  5                    4.5                            --2.66           --2.01            5                   4.5                            --0.47           --1.1
  6                    6.2                            --2.19           --2.87            6                   6.2                            --1.06           --0.02
  7                    3                              0.73             0.24              7                   3                              0.04             0.37
  8                    6.6                            --0.93           0.28              8                   6.6                            --1.73           --1.22
  9                    10.9                           --1.65           0.48              9                   10.9                           0.86             0.37
  10                   7.5                            --1.24           0.08              10                  7.5                            --0.23           0.47
  **Sagittal plane**                                                                     **Coronal plane**                                                   
  **Implant N 23**     **Angle deviation (degree)**   **Entry (mm)**   **Apical (mm)**   **Implant N 23**    **Angle deviation (degree)**   **Entry (mm)**   **Apical (mm)**
  1                    9.5                            2.3              0.41              1                   9.5                            0.76             0.89
  2                    1.6                            1.45             1.28              2                   1.6                            0.38             0.65
  3                    6                              2.56             3.44              3                   6                              0.12             0.95
  4                    1.4                            --1.12           --1.06            4                   1.4                            1.31             1.59
  5                    5.4                            --0.19           0.87              5                   5.4                            0.58             0.82
  6                    4.4                            3.27             4.01              6                   4.4                            1.33             1.81
  7                    8.1                            1.94             0.4               7                   8.1                            0.18             --0.31
  8                    2.8                            --0.69           --0.18            8                   2.8                            0.22             0.44
  9                    4.2                            --0.99           --0.16            9                   4.2                            0.73             0.56
  10                   1.1                            2.55             2.5               10                  1.1                            1.22             0.99
  Guide (1--5)                                                                                                                                               
  Sensor (6--10)                                                                                                                                             

The Shapiro Wilk statistical test was used to evaluate the normality of the data obtained, with the sample tending to normality.

The statistical analysis of the data was performed in two steps: one for linear deviations between the planned and executed, and another to analyze the angular discrepancies. Student's *t* -test was performed for parametric independent groups ( [Table 2](#TB_2){ref-type="table"} ).

###### Summary of descriptive statistical analysis and Student\'s t-test

  Deviations   Guide    Sensor   Student's *t* -test U               Student's *t* -test B
  ------------ -------- -------- ----------------------------------- ----------------------------------
  Mean         4.15     5.48     0.0677                              0.1354
  SD           2.6566   2.8547                                       
  Max.         9.5      10.9                                         
  Min.         1.2      1.1                                          
  **Entry**                      ***p-*** **Value (unilateral) =**   ***p*** **-Value (bilateral) =**
  Mean         0.002    0.118    0.3992                              0.7983
  SD           1.373    1.476                                        
  Max.         2.56     3.27                                         
  Min.         --2.66   --2.19                                       
  **Apical**                     ***p*** **-Value (unilateral) =**   ***p*** **-Value (bilateral) =**
  Mean         0.199    0.213    0.4871                              0.9742
  SD           1.289    1.429                                        
  Max.         3.44     3.27                                         
  Min.         --2.01   --2.19                                       

The results of the analysis of variance for the linear deviations and angulations showed no statistically significant difference between the groups.

The consistency and hardness of the models were higher than those found in the natural bone type IV. Therefore, greater force was used during the perforation and implant insertion, which may influence the micromovement of the surgical guide.

The experimental digital reflectance sensor presented some difficulties and technical errors, among them a delay in displaying the measurement; the operator needed to alternate his attention between the sensor screen and the drills in relation to the sensor tips.

The choice of the clamp used to fix the sensor was not adequate due to its lack of anatomy, making it difficult to position the sensor.

In [Fig. 7](#FI00262-7){ref-type="fig"} , a greater deviation can be observed in G2, with the sensor; however, the statistical differences were not significant between the groups.

![Box plot of statistical analysis of Student's *t* -test showing averages of angular slopes between G1 and G2.](10-1055-s-0040-1705074_00262_07){#FI00262-7}

[Figure 8](#FI00262-8){ref-type="fig"} shows a slightly greater range of deviations in G2, with the sensor, but the differences were not significant between the groups.

![Box plot of statistical analysis of Student's *t* -test showing averages at the cervical level, the entry of the drills between G1 and G2. A longer interval can be observed in G2.](10-1055-s-0040-1705074_00262_08){#FI00262-8}

[Figure 9](#FI00262-9){ref-type="fig"} shows a slightly lower range of deviations in G2, with the sensor, but the differences were not significant between the groups. Extreme atypical values were observed in the G2 (sensor) represented by the points at the ends of the sensor results box.

![Box plot of statistical analysis of Student's *t* -test showing averages at the apical level, the entry of the drills between G1 and G2.](10-1055-s-0040-1705074_00262_09){#FI00262-9}

Discussion
==========

Implant survival may be affected by flap detachment as bone resorption is increased. Thus, when guided surgery is not possible, a tool calibrated and based on CT could meet the surgical needs. [@JR_8]

When comparing the results obtained in the reviews of Di Giacomo et al [@JR_9] and further work by Vercruyssen et al [@JR_2] with smaller deviations, the progress of the technique can be observed. Even so, the current deviations suggest the need for research to obtain an increasingly accurate system. [@JR_10]

Our results support the findings of other studies with linear and angular deviations of less than 1 mm and angle of 4 degrees ( [Table 2](#TB_2){ref-type="table"} ). Among stereolithographic guides, Zhou et al [@JR_10] observed 1.25 mm (95% confidence interval \[CI\]: 1.22--1.29) at the cervical level, 1.57 mm (95% CI: 1.53--1.62) at apex, and 4.1 degrees (95% CI: 3.97--4.23) at the angular slope. They also observed a significant association between bone density and deviation, with results in greater precision in the mandible when compared with the maxilla and when using fixation. In this study, we expect higher deviations because of model's density, which was greater than human bone; therefore, extra force was needed and micro movements were possible.

By comparing the variations between the guided system (G1) and the sensor (G2), it could be observed that the implants placed with the sensor showed greater intervals ( [Figs. 7](#FI00262-7){ref-type="fig"} [8](#FI00262-8){ref-type="fig"} ) except for entry to the cervical level ( [Fig. 9](#FI00262-9){ref-type="fig"} ), since the beginning of the drilling was marked with the stereolithographic guide at the entry point. However, the sensor at the cervical level presented extreme values, possibly due to sliding of the drills or changes in the shape of the artificial gingiva. The sensor could be associated with a stereolithographic guide to limit the deviations, not being safe to operate this device by itself.

The reflectance sensor is a dynamic guide and the observed results are also close to those mentioned in the review by Block and Emery [@JR_11] with guides approximately 0.4 mm at the entrance and 4 degrees of angulation ( [Table 2](#TB_2){ref-type="table"} ).

The simulated bone density obtained in this study was similar to dense type I bone; the acrylic matrix caused higher density than expected, with 2,200 HU radiographically, but the manual sensed density during drilling was greater. In G2, where it was not *NeoGuide* guide, there was a slipping with the use of the spear-type drill due to the density of the experimental model during the first drilling, making it necessary to apply extra force to overcome the strength of the structure. Contrary to clinical findings, in which the maxilla was subject to greater deviations when compared with the mandible, [@JR_10] bone density may be a factor associated with deviations, in type I and IV bones. Similar values were found in the systematic review of Seo and Juodzbalys [@JR_12] with maximum deviation of 2.19 mm at the apical level, 1.68 mm at the coronal level, and angular inclination of 4.67 degrees in edentulous patients.

In G1, stereolithographic guide kept the drills firmly, decreasing time and facilitating procedures considerably. Another advantage of the *NeoGuide* system is that it allows to see if there is a deviation during insertion of the implant when approaching the sleeves of the positioner and the guide ( [Fig. 5](#FI00262-5){ref-type="fig"} ). By observing this relation, the position of the implant can be corrected by drilling.

It is important to consider that in G1, the stabilizers of *NeoGuide* system, a differential of the NeoDent Company, were not used, and that considerably increases the implants' accuracy. Results could not be compared with the majority of systems that do not have these parts. This explains the similar results between the G1 and the sensor by reflectance. However, the sensor can obtain results similar to a common prototyped guide, but would hardly achieve the results of *NeoGuide* or other commercial guides.

Few laboratory studies are reported in the literature regarding surgical and alternative techniques. The findings in this study corroborate with the findings of Kang et al, [@JR_13] preferring the stereolithographic guides over the dynamic systems. By limiting the displacement of the drills, the technique is safe and easy to perform.

During the drilling of the bone in G2, with the experimental sensor, difficulty in keeping the drills in a stable position was perceived. The initial drill slid and varied from the irregular topography of the experimental model. Similar difficulties are to be expected without the guided surgery kit system that keeps the drill firm and in position. The deviations found in this work are also related to the model used, which, in addition to being denser than the bone, had a fine alveolar ridge, an unfavorable characteristic for guided surgery. Among the difficulties observed regarding the use of the experimental sensor by digital reflectance, the alternation of attention between the insertion site and the sensor screen may produce drawbacks during drilling. This distraction was also observed in dynamic systems. [@JR_14]

Van de Velde et al [@JR_15] reported frequent bone perforations in the surgeries without flap detachment and without the use of surgical guides. Stereolithographic guides without a metal ring and the system of components for guided surgery are at higher risk of significant deviations in the final position of the implants due to micro movements.

Vercruyssen et al [@JR_16] suggested that the reduction of steps in the preoperative guided surgery could improve the accuracy of surgical guides, associated with optical scanners and 3D print enhancements. A sensor associated with the stereolithographic guide could reduce and even eliminate the risks and deviations reported in the literature. [@JR_17]

It is necessary to emphasize that this was the first experiment related to a digital reflectance sensor for implant installation. Several difficulties appeared during the use of the sensor, among them the delay in display the accurate distance of the drill bit, so the expected alarm to avoid perforations may be late. This delay also increased the drilling time.

Specifically, it is necessary to change the gripper since the one used in G2 was unstable. Although the experimental sensor did not present better results compared with the stereolithographic guide, it was an important step in the development of a new tool in the near future. Surgical guides facilitate the insertion of dental implants with greater safety for the surgeon and less trauma for the patient.

The major deviations in the guided surgery system appear at the apex of the implants, [@JR_10] since the greatest control of the guides is at the cervical level at the entrance of the drills ( [Table 2](#TB_2){ref-type="table"} ). The observed deviations are probably related to the size of the guide, which covered a small area of ​​the jaw fixed with two lateral buccal pins.

In total edentulous jaws it was recommended that the guide covers most of the space and fixed with two anterior and two posterior pins. [@JR_18] [@JR_19]

The development of a locator for the drills within the bone can be of great benefit, both with and without the detachment of the flap surgery.

Several difficulties were encountered during its use. It is necessary to create anatomical tweezers to adapt the sensors to the jaws and obtain greater precision. The major challenge is to control the apical position of the implants, especially in highly reabsorbed edges.

Conclusions
===========

According to the proposal of this research, the experimental sensor by digital reflectance in the conditions of the current experiment is not recommended for clinical use; however, the sensor can be an auxiliary tool to the stereolithographic guides. We found stereolithographic surgery easier, faster, and safer than the experimental guide.
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